Antibodies reactive with C polysaccharide (PS) were found in healthy adults, pneumococcal patients, and vaccinees. These antibodies were not directed to the phosphocholine determinant of the C PS, as they appear to be in mice, since the human antibodies were inhibitable only with C PS. We found another population of phosphocholine-specific antibodies inhibitable only by phosphocholine and related compounds.
The pneumococcal C polysaccharide (C PS) is a cell wall surface PS common to all pneumococci. The chemical composition and initial structural studies on C PS were first reported by Liu and Gotschlich (11) . The complete structure of C PS was shown to contain two phosphocholine (PC) moieties per repeat unit (5, 8) ; however, more recent information shows that the C PSs from some strains have only one PC per repeat (9) . The C PS is covalently attached to the cell wall peptidoglycan and through the peptidoglycan to the type-specific capsular PS (15) . The purified type-specific PSs therefore contain contaminating C PS, meaning that the licensed 23-valent pneumococcal PS vaccines also contain C PS (15) .
Human antibodies to the pneumococcal C PS are not opsonic and not protective (12, 17) . Most published studies relating to the specificity of C PS antibodies state that the PC moiety is the immunologically dominant epitope of C PS, based almost entirely on mouse data (1, 14) . There are several reports dealing with human antibodies selected for their reactivity to PC (3, 7, 14) , but we are not aware of reports examining the epitope specificity of antibodies selected initially for reactivity to purified pneumococcal C PS.
Since the C PS is present in all pneumococcal vaccines, it is important to understand the specificity of human anti-C PS antibodies. It has been reported that the pneumococcal C PS induces anti-PC antibodies and that these antibodies contribute to protection against pneumococcal disease, based upon studies in mice. The present study was therefore undertaken to determine whether human anti-C PS antibodies are PC specific. We examined the epitope specificity of human antibodies to purified C PS in healthy adults and in individuals following vaccination or pneumococcal disease, and we found that C PS antibodies are C PS specific and not inhibitable by PC and that adults also have PC antibodies, largely non-cross-reactive with C PS.
For antibody measurements by enzyme-linked immunosorbent assay (ELISA), C PS, obtained from State Serum Institute of Denmark, was admixed at 3.0 g/ml with methylated human serum albumin at 3.0 and 1.0 g/ml and used to coated Immulon-1 plates (Dynatech, Chantilly, Va.), which were then incubated overnight. PC conjugated to bovine serum albumin (PC-BSA) was used to coat Immulon-4 plates at 5 g/ml of protein. The remainder of the ELISA procedure was as described previously (4) . Cross-reactivity and specificity of the C PS and PC antibodies were measured using competitive inhibition, in which a serum dilution from the upper linear region of a dilution curve was mixed with decreasing twofold concentrations of the inhibitors and then added to the antigen-coated ELISA plates.
Sera from approximately 50 healthy nonvaccinated adults all contained measurable antibodies to both C PS and PC (using PC-BSA) as measured by ELISA. The relative levels of immunoglobulin G (IgG) and IgM antibody to C PS and to PC in sera from 10 representative healthy adults are shown in Fig. 1 . Most of the anti-C PS antibodies were IgG, while similar levels of IgG and IgM antibodies were reactive with PC.
Acute-and convalescent-phase sera from six adults with culture-confirmed invasive pneumococcal disease were examined by ELISA, and little or no increase in either anti-C PS or anti-PC antibodies (IgM or IgG) was found in the convalescent-phase sera (data not shown). The antibody levels in acutephase sera were not different from those of healthy adults.
Pre-and postimmunization sera from 24 adults immunized with a 23-valent pneumococcal PS vaccine were examined for increases in IgG and IgM antibodies to C PS and PC. Fortytwo percent (10 of 24) of the vaccinees responded with at least a twofold increase in levels of IgG antibody to the C PS, while only 8% (2 of 24) responded with IgM antibodies. In contrast, only one individual (no. 704) responded with a Ն2-fold increase in anti-PC antibodies. The IgG and IgM anti-C PS responses of 14 vaccinees with increased C PS or PC antibodies are shown in Fig. 2 . Two vaccinees, no. 704 and 780, had a Ն2-fold increase only in IgM anti-C PS antibodies, with vaccinee 704 having a Ͼ10-fold increase.
Interestingly, the IgG and IgM antibodies present in the serum of vaccinee 704 had different specificities (Fig. 3) . The IgG antibodies were strongly inhibited by C PS, and to a lesser degree by p-nitrophenyl PC, at 20 g/ml. By contrast, the IgM antibodies were strongly inhibited by C PS, but also by phosphatidylcholine and acetylcholine, while no inhibition was seen with PC. Thus, the IgG antibodies were specific for C PS, but not for a PC epitope, while the IgM antibodies were apparently choline specific.
The specificities of IgG antibodies to C PS in postimmunization sera from nine vaccinees are shown in Fig. 4 . One individual, no. 676, responded with an increase in IgG antibody to C PS (Fig. 2) , but not to PC (data not shown). Antibodies from this individual were maximally inhibited by C PS but were also strongly inhibited by choline. The anti-C PS antibodies in the other eight individuals were inhibited only by C PS.
The specificities of IgG antibodies to C PS and to PC in sera of adults postimmunization and in convalescence from pneu- mococcal bacteremia were compared to those in healthy adults, and one such comparison is shown in Table 1 . The antibodies reactive with C PS in each of the three individuals were strongly inhibited only by C PS and much less so by p-nitrophenyl PC. Antibodies reactive with PC in the same individuals were not inhibited by C PS and were maximally inhibited by p-nitrophenyl PC. Thus, anti-PC antibodies are distinctly different from those reactive with the C PS, and the major reactive epitope of anti-C PS antibodies in human sera is not as previously supposed, the PC moiety. By contrast, a mouse monoclonal antibody against PC reacted strongly with both C PS and PC-BSA and was fully inhibited by C PS and PC (data not shown).
To conclude, this is the first study with humans to show two distinct populations of antibodies, one specific for C PS and the other specific for PC. We have examined the specificity of human antibodies selected initially for reactivity with pneumococcal C PS. In a number of earlier studies antibodies were
FIG. 3. Specificity of anti-C PS antibodies in postvaccination serum (from subject 704). IgG (A) and IgM (B) antibodies were examined for inhibition by C PS (stars), PC (filled squares), p-nitrophenyl PC (solid diamonds), phosphatidylcholine (open squares), acetylcholine (open diamonds), butyrylcholine (open triangles), and tricholine (circles)
. Note that the y axis maximum values are 8 and 1 for panels A and B, respectively. OD, optical density.
FIG. 4. Specificity of IgG antibodies to C PS following immunization of adults with the pneumococcal PS vaccine.
The competitive inhibitors at a concentration of 5 g/ml were PC, acetylcholine (acetyl C), butyrylcholine (butyryl C), and C PS. Purified C PS was attached to the plate. The asterisks indicate that the inhibitor concentration was 10 g/ml. OD, optical density. selected for reactivity with PC and then were shown to be PC inhibitable, leading to the assumption that these antibodies were reactive with pneumococcal C PS (2) .
The specifications for the purified pneumococcal PSs used in formulation of the 23-valent vaccine manufactured by Merck & Company and by Wyeth-Lederle do not include a specification for allowable C PS. Unpublished studies in our laboratory using 31 P nuclear magnetic resonance and an inhibition ELISA indicate that these PSs contain between 5 and 10% (by weight) C PS. This C PS is both free and covalently bound to the capsular PS, probably through peptidoglycan fragments (15) . The presence of the C PS interferes with estimation of concentrations of antibody to the type-specific capsular PS (10) . Furthermore, opsonization of pneumococci by human sera is mediated primarily by antibodies to the capsular PSs, with no correlation between levels of antibody to C PS and opsonic titers (17) .
The literature commonly states that the PC moiety on the C PS is the immunologically dominant epitope. This statement appears to be based primarily on mouse data showing that anti-PC monoclonal antibodies are readily obtained following immunization with C PS (1). While we found that a mouse monoclonal antibody reacts strongly with C PS and PC-BSA and that PC strongly inhibited binding of the mouse antibody to either antigen, we found that human IgG antibodies to C PS were not inhibitable by up to 25 g of PC yet were strongly inhibited with Ͻ1 g of C PS per ml.
Briles et al. showed that children rapidly develop anti-PC antibodies through natural exposure and that these antibodies reach adult levels by about 3 years of age (2). They found that adsorption with either C PS or cells from the pneumococcal capsule-minus mutant R36A inhibited binding of these sera by more than 85%. By contrast, we found very little reactivity of anti-PC antibodies with C PS.
Stein and Sigal (16) found that human IgM anti-PC antibodies had fine specificity patterns distinct from those of their murine counterparts. The human anti-PC antibodies had a much higher relative affinity for glycerol PC and choline than the murine anti-PC antibodies. In related studies, Brown et al. (3) found that human IgG anti-PC antibodies were inhibited more strongly by p-nitrophenyl PC than by PC, while the IgM antibodies were inhibited equally by these two compounds. We did not examine the specificity of IgM anti-PC antibodies, but we also found that the IgG antibodies were inhibited more by p-nitrophenyl PC than by PC. Like Brown et al. (3), we found that anti-PC antibodies did not increase following immunization with the pneumococcal PS vaccine.
We found that most adults have elevated C PS antibodies and that postimmunization, 42% have twofold rises in C PS antibodies, almost entirely IgG. Pedersen et al. (13) vaccinated adults and older children having risk factors for pneumococcal disease, such as splenectomy, with pneumococcal vaccine. They observed Ͻ2-fold increases in anti-C PS antibody in both adults and children postimmunization.
Koskela measured concentrations of antibody to the C PS in acute-and convalescent-phase sera of children with culture confirmed pneumococcal otitis media (10) . All of the children had both IgG and IgM anti-C PS antibodies in their acutephase sera, and half of them had small antibody rises, less than twofold, in convalescence. These children were then vaccinated with the PS vaccine, and no child had a Ն2-fold increase in antibody. Similarly, we found high levels of IgG anti-C PS antibody in the acute-phase sera of six adult patients with pneumococcal bacteremia, with no increase in the levels in their convalescent-phase sera.
In summary, most adults have detectable levels of antibody to both C PS and to PC, but these are two distinct populations of antibody, often of differing in immunoglobulin class. Exposure of humans to pneumococcal vaccines or pneumococcal infections does not induce anti-PC antibody, and the C PSreactive antibodies are likely induced by exposure to the ubiquitous pneumococcus. Importantly, this study demonstrates that immune specificities, both vaccine induced and naturally acquired, shown in one animal species may differ markedly from those observed in humans. 
